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2ABSTRACT
A computer program was written to unfold the
neutron spectrum, by means of pulse shape discrimination
(PSD) method, from the output of a liquid scintillation
detector by differentiation method. A computer
flow-chart is given.
Besides, a fast neutron spectrometer which utilizes
the plastic scnitillator was also constructed. The
gamma-ray contribution in the output of the detector was
calculated from the gamma-ray response functions which
were interpolated from the gamma-ray response functions
of monoenergetic gamma-ray sources. Instead of the PSD,
the neutron induced counts were obtained by subtracting
the gamma-ray contribution from the raw output of the
scintillation detector. A detail exposition of the
interpolation method is given.
The dose-rate was calculated according to the
.neutron spectrum in the above cases.
The neutron flux and dose distribution in the
neutron-generator room installed in the Chinese
University of H.K. was measured by the above
scintillation detectors and a paraffin covered BF3
counter. Highly nonuniform dose distribution was
detected when the neutron generator installed inside the
3shielding house was in operation. The dose-rate due to
the neutrons emmited from an isotope Am-Be source was
also measured. The results at various locations are
presented with some of them discussed in view of safty
involved.
1CHAP TER 1
INTR0DUCTI O.N TO DOS IMETRY
Three important quantities involved in radiation
protection are activity, dose and dose equivalent.
1.1 ACTIVITY
The activity of a radiation source is defined by
the number of disintergations per unit time. The
historical unit of activity is. Curie(Ci). One Curie,
which is an estimated activity of one gram of pure Ra226
in equilibrium with its daughters, introduced in 1910 by
the' International Congress on Radiology and Electricity,
is defined as. 3.7x1010 disintergrations per
second.
Curie is a large unit in the laboratory scale. In
practice, in order to make compromise in safety and
efficency, the activity in the order of milli Curie is
always sufficient' in general usage. One milli Curie
(mCi) is 1x103 Curie.
The SI unit of activity, Becquerel(Bq), was adopted
as the standard unit in 1975 by the General Conference
of Weights and Measures. One Bq is defined as one
disintergration per second.
Thus 1 Curie= 3.7x1010 Bq.
2As milli curie and microcurie are more suitabe in
scale than Curie, the kilo Bq and mega Bq are the more
convenient unit than Bq.
In practice, the term 'activity' is always referred
to the- detectable particles (including photon) emitted
from the source. For example, when we talk about the
gamma activity of Na22, we often refer to the total
photons coming from the source per unit time. Both 1.2745
Mev and 0.511 Mev photons are included in this case,
although the 0.511 Mev photons are the annihiation
radiation from positron.
1.2 DOSE
Compared with activity, the charge induced and
energy absorbed in media called exposure and absorbed
dose respectively, relate to the radiation effect more
directly.
Exposure means amount of radiation. It is defined
in term of the charge induced per unit mass of air. The
unit of exposure is Roentgen(R). One Roentgen is defined
as the exposure due to x-rays or gamma rays radiation in
1 cm3 of dry air, at` standard temperature and
pressure, generating a total charge of one esu of either
sign.(1)
The fluence-exposure conversion factor of photon in
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Figure 1.1 The fluence-exposure conversion factor of





Since exposure is defined in terms of charge, it
can be measured by ionization chambers.
Exposure is defined by C per Kg in air in SI unit,
relating to R as 1 C/Kg air= 3875.97 R.
In many situations, other types of radiations (such
as proton, beta) are detected in media other than air.
Thus, the quantity 'absorbed dose', which is independent
of the type of radiation and medium, is used.
Absorbed dose is defined as the energy absorbed per
unit mass of absorber. The unit of absorbed dose is rad.
One rad is 100 erg/g irrespective of the types of
radiation and the absorber.
In SI unit, Gray(Gy) is used instead of rad. One
Gy is.1J/Kg. Thus, 1 Gy equals 100 rad.
The absorbed dose from charged particles can be
calculated by the mass stopping power S(E)/P.
By definition, the stopping power is the average
energy loss per unit distance traveled. Hence, the
energy released from an charged particle in traveling dl
is S(E)xdl. For a monodirectional incident beam of
fluence spectrum F(r,E), the absorbed dose at a certain
point r is:





5The equations for calculating the stopping power of
charged particles can be found in ref.1 p.118-119.
However, the absorbed dose can be estimated from
the exposure when only the energy loss due to ionization
is important, it is:
D= average energy reqired to create an ion pair x
number of ions-pairs created per unit charge x
charge induced per unit mass
= average energy reqired to creat an ion pair x
number of ions pairs created per unit charge x
exposure
For example, if the exposure in air is-N Roentgens,
the corresponding absorbed dose D can be calculated as:
As the average energy required to create an ion pair
is 34 ev, and the number of ion pairs created per unit
charge (e) is 1, we have D= 34 x 1 x 2.58x10-4
J/Kg= 8.8 N mGy.
Moreover, the exposure of gamma rays with energy
between 70keV and 2MeV can be approximated byc 3?:
exDosure
Where E is the gamma energy in MeV and d is the
distance between the source and the point of measurement
1 n mo i-roc;.
The number of incident particles and photons per
cm2 to produce one rad in soft tissue is














finiim i o M.imKor nf incident Darticles and photons per cr
to produce 1 rad in soft tissue. (Ret
71.3 DOSE EQUIVALENT
Although exposure and absorbed dose are well
defined physically, they are insufficient to indicate
the radiation hazard to man. Macroscopically, biological
effect of radiation depends on:
1. the energy deposited in tissue,
2. the type of reaction between incident radiation
and tissue, and-
3. the organ irradiated.
In other words, it depends on the organ of man and
the type of radiation other than the absorbed dose.
In order to operationalize the calculation of
biological effect and hence the 'degree of danger' in
a radiation field can be measured, a factor called
'relative biological effect' (RBE) is used. RBE of a
certain' type of radiation is defined as the ratio of
dose of x- or gamma radiation and the dose of that type
of radiation that they produce the same biological
effect. Obverously, the-RBE of gamma and x- radiation is
.one.
Another factor is used instead of RBE nowadays in
radiation protection, it is called Quality factor (Q).
Q and RBE are practically the same (numerically the
same in most cases), but RBE is determined by
experiments and Q is assigned by concept.
The stages of radiation effects in human organ are
8shown in figure 1.3 for reference.' 6' The
Quality factors for severl types of radiations can be
found in Table 1.1.11 The Quality factor of
neutron is plotted in Figure 1.44 e'.
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Dose equivalent is simply the product of Absorbed
Dose and Quality factor: Dose equivalent(DE)= D x Q.
The unit REM is commonly used, which is defined as:
1 REM= Q x rad
In the SI unit system, Sievert(Sv) is used instead
of REM:
1 Sv= Q x Gy= 100 REM
In fact, the relationship between the flux and DE
for various radiations had been well studied and the
flux-dose rate convertion factors are available.
The value of flux-dose rate convertion factor used
in this thesis are listed in Table 1.2(9) and
the range which is relevant to this thesis is plotted in
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Figure 1.5 The flux - dose rate convertion factor. The curve
is obtained by cubic spline interpolation.







TABLE 1.2 Neutron flux to dose rate factors
Neutron energy factor Neutron energy factor
2.5-08 3.67-06 1.0-07 3.67-06
1.0-06 4.46-06 1.0-05 4.54-06
1.0-04 4.18-06 1.0-03 3.76-06
1.0-02 3.56-06 1.0-01 2.17-05
5.0-01 9.26-05 1.0 1.32-04
2.5 5.0-1.25-04 1.56-04
7.0 1.47-04 10.0 1.47-04
14.0 2.08-04 20.0 2.27-04
* In (rem/h)/ (neutrons/cm2 s)
** Read as 2.5x10-8 in MeV
1.4- Maximum permissible Dose
In order to have a sense of safety on the value of
DE measured, the maximum permissibe dose must be known.
The maximum permissible dose was recommended by ICRP and
NCRP for occupational and nonoccupational exposure. The
standard is summarized in Table 1.3. K'°
Occupational exposure is based on 8 working hour per day
and 40 working hour per week.
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TABLE 1.3 MAXIMUM PERMISSIBLE DOSE
Organ REM/ YEAR
A. Occupation exposure
1. Whole body head and trunk, 5*
active blood-forming organs,
lens of eye, or gonads
2. Hands and forearms, feet,. 75
ankles
3. Skin of whole body 30
B. Nonoccupational exposure
1. Whole body 0.5
2. Skin, thyroid 1.5
3. Bone 0.1 of
occupational
not to exceed 3 rem per calender quarter,
fertile women should be exposed to less
than 0.5 rem in gestation period.
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CHAPTER 2
INTRODUCTION T O N E U T R O N
DETECTOR S
2.1 INTRODUCTION
since neutron don't directly ioniz-e atoms, they are
detected by the charged partcles or photons which are
the products of reactions between neutron and nucleus.
If the mechanism of reaction is known, certain
information can be extracted from this indirect
measurement. In fact, the amount of obtainable
information (flux, energy spectrum, distribution etc.)
is limited by the type of reaction and the products to
be detected. This raise many problems in neutron
detection.
Obviously, counting efficiency depends on the cross
section of reaction that. the detectable products can be
formed. Hence, the efficiency varies for different
neutron energy. Thus, different types of detector
performs different purpose.
In measuring neutron energy spectrum, the signal
measured is only the message from the product of
neutron-nucleus reaction. The recorded signal spectrum
must be unfolded to obtain the original neutron
spectrum. Many unfolding codes had been established
today.
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The properties of some commonly used neutron
detectors are summarized here. The passive method
neutron activation, threshold detector), moderator
detectors, ionization chamber and time-of-flight method
are not included. However, Firk had given a
comprehensive review for time-of-flight
spectometers. 11'
Moderator detector detects neutrons after
moderation by proportional counter, inorganic
scintillator or neutron activiation method. A short
introduction about moderator detectors can be found in
ref. 12.
Only the basic properties of detectors are
described below. The detailed measurement techniques
can be found from a brief and well organized
introduction in ref. 35.
2.2- PROPORTIONAL COUNTERS
2.2.1 BF3 counter 11 13. 111411
Basic reaction: 10 + n 4Hw +Li+2.78
Particles to be detected: Alpha, 3Li
advantages: 1. The gamma discrimination property is
good.
2. Reaction cross section with thermal
neutron is large.
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3. The reaction cross section is a function-
of energy following 1/v variation.
Application: Thermal neutron detection
Sensitivity: 0.3c/s per n/cm2 s for counters
with diameter 2.5 cm and active length
12cm. 1.5c/s per n/cm2 s can be
achived when BoronlO is enriched to 90%.
Remarks:
1. The wall effect exist. It is caused from partial
energy deposition of Li and Alpha particles which are
produced near the wall. There are two methods to
suppress the wall effect, namely, 1) enlarge the
diameter, 2) increasing the gas pressure such that the
range of charged-particles are shortened.
2. A BF3 counter with a Cadmium coating can be used to
measure the dose rate from intermediate energy neutrons.
FIGURE 2.1 is a typical- spectrum from. a BF3
counter.
2.2.2 He counter t
Basic reaction:
Particles to be detected: proton, triton
Advantages: 1. Gamma discrimination power is good but
not as good as a BF3 counter.
2. The reaction cross section for thermal
18
Channel pf M.C.A
Figure 2.1 A typical spectrum from a BF3 counter.
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neutrons is large.
3. The reaction cross section varies as 1/v
from 0.001ev to 0.04ev.
4. It can be operated with higher gas
pressure as compared to a BF3.
Application: spectroscopy for thermal and fast neutrons
Remarks:
1. Wall effect exists.
2. There is recoil distribution due to recoil proton
from elastic scattering of neutrons from helium nuclei.
3. Wall effect and recoil distribution can be suppressed
by rise time discrimination.( The rise time of pulses
from the recoil proton and partially energy deposited
events are different from that of He(n,p) reaction.
)(16)(17)
2.3 INORGANIC SCINTILLATION DETECTOR
2.3.1 Zinc Sulphide+ hydrogeneous material
Basic reaction: Elastic scattering of fast neutrons
from. hydrogen nuclei
Particles to be detected: Recoil protons
Advantages: Gamma counts can be rejected by pulse
height discrimination.
Application: Fast neutron'flux monitoring
Sensitivity: Up to 5% for NE451
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Remark:
1. Counting efficiency is low compared to a organic
scintillator.
2. They are not used in research today.
2.3.2 Zinc Suiphipe+ 6Li( LiF mixture) C le?
Basic reaction: 6Li+ n- 2He+ H+ 4.78MeV
Particles to be detected: Alpha, Triton
Advantages: 1. Gamma sensitivity is very low because
the Q-value is high.
2. Pulse shape discrimination may be use
for very high gamma intensity.
Application: Slow neutron flux monitoring
Sensitivity: About 25%- 30% fo,r 0.1 ev neutron and
50%- 60% for 0.01 ev neutron for NE421
( 6Li enriched to 96%).
Remark:
1. Boron( 10B) can be used instead of 6Li.
2. Modification with two layers design was
reported.C131 LiF layer is coated on ZnS(Ag)
scintillator. The gamma sensitivity is neligible. Since
the detector is extremely thin, it is suitable for
time-of-flight measurement.
2.3.3 LiI(Eu.) Crystal
Basic reaction: For thermal neutron
21
For fast neutron
Particles to be detected: Alpha, Triton
Advantages: 1. Free of wall effect as the ranges of the
charged particles are small in the
crystal.
2. The reaction cross section between n in
thermal energy range and Li is large.
Application: Thermal neutron flux measurement and fast
neutron spectroscopy
Sensitivity: Counting efficiency is larger than 90% for
thermal neutron for a 10mm thick crystal.
Remark:
1. Because the range of secondary electrons in crystal
is small, it would deposit all of its energy and cause
large light output. Hence, the gamma ray discrimination
is'inferior than the proportional counter.
2. L'iI(Eu) must be cooled to liquid nitrogen temperature
in fast neutron spectroscopy. Otherwise, the nonlinear
response of tritons and alpha particles will severely
broaden the respose function. The energy resolution of
full-energy peak is about 20% at liquid nitrogen
temperature.
3. Lii is not. used in fast neutron reseach today.
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2.3.4 Li glass scintillation detector:
( Cerium activated silicate glasses)
Basic reaction: 3Li+ n- 2He+ 3H+ 4.78MeV
Particles to be detected: Alpha, Triton
Advantages: 1. Cross section is large for low energy
neutron.
2. It is inefficient for gamma rays. The
high Q-value (4.78MeV) of reaction can
produce pulse height larger than that of
1 MeV gamma.
3. Cross section of 6Li(n,a)T is in 1/v
type for low energy neutron.
4..The decay time of light pulse can be
fast as in nanosecond order.
5. Large area detector can easily be
fabricated.
Application: Low energy neutron beam monitoring and
time-of-flight measurement
Sensitivity: Depends on the concentration of Cerium
and Lithum. For example, the efficiency
of 1 inch thick NE905( 6.6% Li, enriched
in6Li to 95%) is 19%. c
Remark:
1. Li glass scintillator is the most widly used
inorganic scintillator in neutron detection.
2. The light output for charged particles is small
23
compare with electrons. The reaction products with
Q-value 4.78MeV only produce light output equivalent to
1.2 MeV gamma ray. Hence, the gamma discrimination power
is weaker than many other detectors.
2.4 ORGANIC SCINTILLATOR
The basic theory and applications of the organic
scintillators had been well discussed and developed by
Birks.(221 Numerous reviews and detail studies
( elementary process, light response, light collection,
time response etc.) had been reported and
published. (23-28),
In practice, the important conditions for organic
scintillator used in neutron spectroscopy are:
1. High hydrogen content is needed. Since the
recoil protons from n-p scattering are detected
in organic scintillator, high hydrogen content
can increase the counting efficiency.
2. The cross section of reactions between neutron
and nuclei inside the scintillator must be
accuratly known. The value of cross section is
needed in efficiency calculation and spectrum
unfolding.
3. The light output as a function of proton energy
24
must be known, unless the scintillator is used
in the time-of-flight measurement.
4. The decay time of light pulse should be short in
time-of-flight measurement(in nano second order)
.Pulse shape discrimination property is required
to discriminate the gamma background.
The properties of some commercially available
organic scintillators are listed in Table 2.1
(29)
The counting efficiency depends on the type of
scintillator, the energy of neutron, the geometry of
scintillator and the energy threshold. Many measurements
and calculations (usually by Monte Carlo method) had
been reported. (30-34),
There are some examples in Table 2.2
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TABLE 2.1 THE PROPERTIES OF SOME COMMERCIALLY
AVAILABLE ORGANIC SCINTILLATORS
Scintillator Type Density Light Decay-constant no.of H
kg/m. output for main atoms/
(rela- component no.of C
tive) micro second atoms
anthracene crystal 1.25 100 30 0.715
stilbene crystal 1.16 50 4.5 0.858
NE102 plastic 1.032 65 2.4 1.104
NE110 plastic 1.037 46 3.3 1.104
pilot B plastic 1.032 68 1.8 1.100
pilot Y plastic 1.032 60 3.1 1.102
NE213 liquid 0.874 78 3.7 1.213
NE224 liquid 0.877 80 2.6 1.33
TABLE 2.2 EFFICIENCY OF SOME'ORGANIC
SCINTILLATORS
Scintillator thickness diameter neutron threshold effic-
in cm in cm energy energy iency
in MeV in MeV%
NE102A 2.5 7.1 9.5 1.0 34.8C31'
NE102A 2.5 7.1 3.9 (31)9.5 4.2
NE213 5 12.7 15 c33)10 2.5
NE213 10 3.8 32 t33)10 0.81
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CHAP TER 3
GAMMA SPECTROSCOPY BY NaI( T1)
SCINTILLATION DETECTOR S
3.1 INTRODUCTION
It is necessary to measure the gamma energy and
photopeak area( absolute activity would not be reqired
of the pulse height spectrum from NaI(Tl)
scintillation detector in measuring. the neutron flux, in
neutron-gamma ray mixed field, using the method
developed in chapter 5. In fact, there are continuous
works on gamma spectroscopy. Peak locating and area
determination are two basic aims of spectrum analysis.
Two principal methods are used in peak locating.
The first one uses the first or second derivative of the
pulse height spectrum to locate the peak position.*The
sign of the first derivative would changes from positive
to negative and the second derivative would show a
minimum at a peak. The second method fits the data by
one or more gaussians. The centroid of the gaussian is
considered to be the peak position.
There are also two principal methods to'determine
the peak area. One of them is to contruct a baseline of
the peak by a polynomial. This baseline is a background
of the peak, and hence, the peak area is obtained by
27
subtracting, the area under the baseline in the peak
region from the area under the peak. The other one is to
fit the peak by gaussian:as well as baseline curve. The
peak area is determined analytically.
All these methods except peak locating by second
derivative are used in the present work.
The main difficulty of gamma spectroscopy by
NaI(Tl) scintillation detector is the poor energy
resolution power. Figure 3.1 illustrates the resolution
power of NaI(Tl) scintillator and Ge(Li) semiconductor
detector. C36
3.2 DATA SMOOTHING
The, signal from NaI(Tl) scintilator is collected
with a 1024-channel multichannel analyser( M.C.A) and
then sent to a microcomputer.
The data must be smoothed before the peaks are
sought. A simple smoothing process is used. Each point
of the raw data is approximated by a polynomial which is
fitted to 2m points around that point by least square
method. 167 The smoothed value at channel i is
expressed as:
Where y(i+k) is the raw counts at channel i+k. Ck.m and
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Figure 3.1 The Co-60 spectrum obtained with a Nal(Ti)
scintillator and a Ge(Li) detector. (Ret 36)
29
points are used in least square fitting. The value of
2m+1 should be just less than the half width of the
peaks.
In the present work:
1. The second order polynomial is used. Value of m is
choosen by the experimenter in a computer progam.
2. Full width at half maximum (FWHM) of NaI(Tl) is
larger for higher channel. Different number of fitting
points are used for low channels (under 300) and high
channels (over 300).
3. The smoothing process repeats until the smoothness
becomes satisfactory. The distortion on the spectrum
during the repeated smoothing process must be
considered. Figure 3.2a and Figure 3.2b show the
performances of the spectrum smoothing for Cs-137. Table
3.1 is the peak area( using straight line baseline
and the channel of the maximum of the photopeak from
Cs-137 after the smoothing process repeats 2, 5, 10 and
20 times. It is found that the distortion on the peak
area and peak location is negligiable.
3.3 PEAK LOCATING
The M.C.A is calibrated before the spectrum is
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Figure 3.2a The photopeak of Cs-137 detected
by a Nal(Ti) scintillator.
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Figure 3.2b The photopeak of Cs-137 after
smoothing, curve a, b, c have
been smoothed 2, 10, 20 times,
repectively.
31
TABLE 3'.1 THE DISTORTION ON PEAK AREA
AFTER DATA SMOOTHING
NUMBER OF TURNS PEAK LOCATION PEAK AREA








Where C is the channel number, a, b, c are
constants. These constants are obtained by least square
fit on the data of E and C from standard calibration
sources. The typical order of C is 10-7.
The peak is located by checking the change of slope
channel by channel. If y1(i) is the first derivative at
channel i, then channel i is considered to be a peak
when:
The first derivative is calculation by least square
method as described in ref.36.
If second order polynomial is used, the first
derivative of channel i is:
for. '2m+1 points fitting.
Peaks can also be located by checking the maximum
counts within the region of interest, but the
derivative method would be more accurate. The counts
within the region of a peak as a function of the channel
number can be approximated as:
Where G is a Gaussian function centred at channel p and
A is the height of the peak. The cubic represent the
1- 1- e% l V,eV,.
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The values of C, D and E calculated by nonlinear
least square fit described in section 3.4 are found to
decrease rapidly. For example, the order of C, D, E for
1.17 and 1.33 MeV peaks of Co-60 is 10 1, 105 and 10 7,
respectively.
It means that the background 'dependence of
derivative is small. The derivative method suppresses
the background and gives a more accurate peak location.
The first and second derivatives of Na22 is shown
in Figure 3.3.
After the peak is located, the left and right
boundaries of the peak are sought. Channel i is the
right or left boundary when:
The condition 3 treats the right boundary for the
peaks at the right end of the spectrum. It often shows
no minimum at right boundary in this case.
The right boundary is sometimes located too far
out, so a subroutine suggested by H.P.Yule is used to





















Figure 3.3 The derivatives of the spectrum of Na-22.
Figure a is the raw pulse height spectrum. Figure b and c are the
first derivative and second derivative of the spectrum in Figure
a. repectively. The heights in the figures axe only relative.
comfirm the right boundary.
C 30!
3.4 BASE LINE CONSTRUCTION AND PEAK AREA
CALCULATION
The baseline proposed by Quittner is
used. (38) The base line is fitted by a cubic
which fits the counts and slopes at XLand XR(see Figure
3.4). XL and XR are choosen to be 4 channels lower than
the left boundary and 4 channels greater than the right
boundary of the peak in the present work. The slopes are
calculated by polynomial least square fitting as
mentioned previously.
The baseline at any channel x satisflying these
conditions is:
Where b(x) is the counts of background at channel x, yL
is the counts at XL, yR is the counts at XR, y and yR»
are the slopes at XL and XR, respectively. L is the
distance between Xi and XR in channel.
Thus, the peak area i: [ y(i)- b(i)]. XI am
X2 are the boundaries of the peak.
The spectrum of Na-22 with Cs-137 background has






Figure 3.4 Base line construction by Quittner method
ChanneIL s
Figure 3.5 The computer print out of the gamma spectrum
analysing program, the black regions show
the peaks. The source is Na-22.
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3.5.
3.5 OVERLAPPING PEAKS TREATMENT-GAU SSIANS FITTING
The method described in section 3.4 cannot be
applied to multiplets( overlapping peaks). Thus
another computer program has been written to resolve
them. Summation of gaussians are used to fit the
multiplets by nonlinear least square fitting.
The fitting function is:
Where Y(i) is the fitted counts at channel'i. Al to A13
are parameters. The cubic represents the background.
Number of parameters is determined by the multiplicity
of the multiplets. A5, A8 and All are the heights of the
peaks while A7, Al0 and A13 are the locations of the
peaks.-
The parameter A6 relates to FWHM in the form of
This form is also valiad for A9 and A12.
The area of gaussians is given by A5( n /A6 A8 (n
/A9 )hand All( n/A12 )4.
Iterative method is used in the nonlinear least
square fitting.CAO The quantity to be
minimi 7pH icr•
( y(i)- Y(i))
where y(i) is the experimental counts at channel i, XI
and X2 are the boundaries of the peaks, and Ws is the
weighting factor. Wi is chosen to be the reciprocal of
variance of the counts at channel i. Hence, W}= ly(i)
according to Poisson distribution.
%
It is important to choose suitable initial values
of parameters in the iterative method. In the present
work, the initial value of A1 and A2 are set to zero. A3
and A4 are calculated by joining a straight line from
the left valley to the right valley of the peaks. A5, A8
and All are approximated by the maxima, of the peaks
before they are resolved. A7, A10 and A13 are
approximated by locations of the maxima. A6, A9 and K17
are calculated by equation 41n2FWHM. The value of FWHh
in terms of channel number can be determined
experimentally using calibration sources.
Figure 3.6 shows the peaks of Co-60. Figure 3.6a is
the spectrum seen in M.C.A. Figure 3.6b shows the raw
data, the fitting curve and background. Figure 3.6c
shows the resolved peaks.
The 0.3029 and 0.356 MeV peaks of Ba-133 are also




Figure 3.6 The photopeaks of Co-60. Figure a is the ravi
spectrum seen in the M.C.A. Figure b shows
the result of the gaussian fitting program.





Figure 3.7 Figure a is the raw spectrum of Ba-133
detected by Nal(Ti) scintillator, and t
fitting curve. Figure b is the photopea




Figure 3.8 Figure a is the raw spectrum of the 0.511
and 0.583MeV gamma-rays from Th-228. The
fitting curve is also shown in the same figure
The peak at the right side of the Figure is
produced by Cs-137 background. Figure b show!
the peaks after resolved.
are small peaks with energy 0.2764 and 0.3838 MeV, the
fitting is not as good as Co-60. Figure 3.8a to 3.8b
shows the 0.511 and 0.583 MeV peaks of Th-228 and the
0.662 MeV peak from Cs-137 background. They are resolved
and the energies found in this case are 0.508, 0.580 and
0.663 v-
The flow-chart of the computer program for
gaussians fitting is shown in Figure 3.9. Some details
are exdained as follows:
1. The original version of this flow-chart is found in
ref.40. It has been modified presently.
2. D(I) is the changing step for A(I). A(I) in the
flow-chart is eauivalent to AI in the text.
3. E is the target of CHI. CO is the square of CHI, the
weiaht factor is included.
4. CF sets a limit on the rate of convergence. In
general, CF is set to be 0.001.
5. A(I) is changed to A(I)+D(I) in the iterative process
until CO starts to increase. A parabola is then fitted
to the last three points, namely, (A(I)-2D(I),CI),
(A(I)-D(I),C2) and (A(I),C3). The minimum of the
parabola gives the new value of A(I).
6. The statement D(J)=D(J)xN7D7 can increase the size
of step when many steps are required to get the minimum,
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NEUTRON FLUX AND DOSE
DETERMINATUION BY LIOUID
SCINPILLAT0R
4.1 PULSE SHAPE DISCRIMINATION (PSD) AND
EXPERIMENTAL SET UP
The different pulse shape of scintillations
produced by electrons and protons in stilbene,
anthracene and NE213 is a powerful tool to discriminate
the gamma-ray induced pulse in detecting the neutrons in
neutron-gamma-ray mixed field. The time dependence of
the scintillation intensity for stilbene has been
measured in 1961.(41) Some of the results are
plotted in Figure 4.1a. The difference in pulse shape
for alpha, neutron(proton) and gamma-ray(eletron) can be
clearly seen. Figure 4-lb illustrates the pulse of NE213
for neutron and gamma-ray.
The scintillator used in the present work is NE213.
It is the most commonly used scintillator in neutron
spectroscopy within the energy range of 0.1 to 10MeV. It
has desirable PSD property.
The diammeter- and length of the NE213 liquid
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Figure 4.1 Time dependence of scintillation intensity
for organic scintillator exited by difference
types of charged particles. Figure a (ref. 41)
shows the result for stilbene. Figure b
(ref. 1) shows the result for NE213.
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RCA8587, is 4.45cm and 5.08cm, respectively. Its density
is 1.23g/cm3. The concentrations of hydrogen
nucleus and cabon nucleus are 4.87x10 and 4.01x10
cm-3, respectively.
Many circuits have been developed for pulse-shape
discrimination. The circuit( pulse shape analyzer,
ortec, model 458) used in the present work measures the
fall time of the pulse. It measures the time during
which the input waveform falls from 90% of its peak
amplitude to 10V of its peak amplitube, and then
provides an output whose amplitude is proportional to
the measured fall time.
The fall time spectrum from isotope Am-Be'recorded
by NE213, with 1 MeV neutron energy threshold is shown in
Figure 4.2. This fall time spectrum is collected by
M.C.A from the linear output of the P.S.A.
The block diagram of the liquid scintillator
spectrometer is shown in Figure 4.3.
The performance of this PSD system has been checked
by comparing the counts from co-60 with. and without
gating. The ratio of counts before the amplifier is
gated by PSA to the counts after the amplifier is gated
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Figure 4.2 The fall time spectrum of Am-Be source. The




























Fiqure 4.4 A plot of log(counts per channel) vs channel
Both graphs are the pulse height spectrum of
Co-60 recorded by NE213. The gamma-ray
contribution have not been discriminated in
graph a. When PSD is in use, graph b is
obtained. Note that the semi-log scale is us
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4.2 THE DIFFERENTIATION UNFOLDING METHOD FOR-
NEUTRON SPECTROSCOPY
There are two methods to unfold the neutron
spectrum from the recoil proton spectrum from organic
scintillator, namely, differentiation and matrix
inversion.
The matrix inversion method was developed by Burrus
and Verbinski in 1968.C2 The method starts
from the relation:
Where C(p) is the observed counts as a function of pulse
height. O(E) is the neutron spectrum( also called flux
density') and R(E,p) is the reponse function to incident
neutrons of energy E.
This equation is approximated in a matrix form:T
Where. is then obtained by minimizing the quantity:
The differentiation method is used in the present
work and is formulated as below. t43 (44
The total number of protons (P) produced by
neutrons of energy E' is:
P= c A E (E',L) (4.1)
Where 0 is the incident neutron flux. A and L are the
area and thickness of the scintillator. rener_tivaly
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E(E',L) is the efficiency for detecting neutrons by
single scattering on hydrogen nucleus and is griven by
eq. (4.2) as follows.
(4.2)
Where a= nh 6h+ nc Sc, nh and nc is the concentration of
hydrogen nucleus and carbon nucleus, respectively. Sh andO,.
is the neutron-proton scattering cross-section and the
neutron-carbon reaction cross-section, repectivly.
Since the recoil proton is isotropic in c.m. system
for neutron energy under 10 MeV, the number of•recoil
proton would equally distribute in the energy range from
0 to E' and form a retangular reponse function, as shown
in Figure 4.5.
Hence, the number of proton per unit energy
interval is given by:
If incident neutrons are not monoenergetic, all
incident neutons of energy greater than E can contribute
to P(E), hence,
(4.3)
Differentiating both side of eq.4.3 with respect to
energy. gives:
(4.4)


















Figure 4.5 The energy distribution of recoil protons









Fiaure 4.1 i The compton edge of Cs-137. The arrow
locates the channel corresponding to the half
height of the compton edge.
response function so that corrections are required. They
are:
1. Nonlinear scintillation response of scintillator to
proton energy.
2. Contribution of the n-C interaction to the output.
3. Multiscattering of neutrons with hydrogen nucleus,
and
4. Escaping of the recoil protons from the end of the
scintillator (the wall effect).
The successful formula in describing.. the
scintillation reponse is proposed by Birks.22
The flourescence light energy emitted per unit path
lenght (dLdx) of a charged particle is expressed as:
dLdx= S (dEdx) [1+KB(dEdx)] (4.5)
Where dEdx is specific energy loss for a charge
particle. S is the scintillation efficiency and K is the
relative quenching probability.
Since dEdx is small for eletron, KB(dEdx) can be
neglected. Hence, eq 4.5 gives a linear expression for
electron:
L(E)= SE+ Lo
For heavier particles, such as proton and alpha
particle, KB(dEdx) cannot be neglected, hence, L(E) is
not directly proportional to energy loss of the
particle.
However, the response due to proton can be given in
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terms of electron equivalence. The relation between the
electron energy Ee and the proton energy Ep for- equal
light output can be approximated by:
(4.6)
The data within proton energy range 0.1 to 13 MeV
from Verbinski'0° are used to determine a and R
by least square method. a and p are found to be 0.1505
and 1.4746, repectively.
The electron energy versus channel number relation
is obtained from the compton eletrons produced by
monoenergetic gamma-ray sources. Then the proton energy
as a function of channel number can be found from
eq.4.6.
The maximum energy of the compton electron from
gamma-ray of energy E have energy Ec which refers to
compton edge in M.C.A. The simple relation of E and EC
is expressed as:
where E is expressed in MeV.
The half height of the drop off of compton edge is
taken to be the channel number corresponding to the
electron enegry Ec. Figure 4.6 is the compton edge of
Cs-137, the channel corresponding to the half height of
the edge is marked.
Double scattering from hydrogen nucleus moves the
counts from low pulse height region to the higher pulse
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height region. The wall effect plays the opposite role
of double scattering, it removes 'the counts in high
pulse height region and creates counts with lower pulse
height. These two effects can be crudely correctd by a
shape correcting factor S(E). It is given by the
semiempirical.relation proposed by Broek.(43)
(4.7)
Where oh= oh (0.068E). R is the range of proton at
1.815
energy E and equals to 1.78(E-0.119) mg/cm2 for NE213.
r is the radius of the scintilator.
From eq.4.4 and eq.4.7, we get:
(4.8)
4.3 THE COMPUTER PROGRAM FOR SPECTRUM UNFOLDING
The electron energy verus channel number relation
is obtained by gamma sources before the spectrum is
unfolded. The calibration sources used in the present
work are listed in Table 4.1.
The relation E= a+ bx +cx2 is-used. Where a, b,
c are determined by least square method.
The values of E and S are independent of the
neutron field. Their values were calculated by eq.4.2
and eq4.7 in 0.05 MeV energy interval within the energy
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TABLE 4.1 GAMMA SOURCES FOR ENERGY VERUS
CHANNEL NUMBER CALIBRATION








range from 0.05 to 16 MeV. The values were stored in the
fIoddv disk.
The cross section was obtained from the appendix
of ref.(44). The values which are not included in
ret.(44) were interpolated by Newton's method and were
checked bv the crraDh in ref.(45).
The neutron-proton scattering cross section is
given by Swart2
Besides, the flux-dose equivalent convertion
factors described in chapter 1. were calculated by
cubic-spline interpolation method in 0.05MeV energy
interval and were stored in the floppy disk.
Data in M.C.A are transferred to a microcomputer by a
RS232 interface card. The data is firstly grouped
according to eq.4.6 such that each channel represents
0.05 «MeV energy increments of the raw data. If the
channel corresponding to the upper bound of an energy
interval (say I+r, 0rl) lies between two channel A, B,
then the counts of channel B (C(B)) would be divided
into two parts, rC(B) and (l-r)C(B). Counts rC(B) would
be included in this energy interval and (l-r)C(B) would
be counted into the next energy interval. The effect of
grouping is equivalent to construct a multichannel raw
spectrum that the channel number is linear with the
energy. Thus, the spectrum so grouped is the recoil
oroton SDectrum.
Secondly, the value of P (E) is calculated by
smoothed derivative described in chapter 3. Normally, 19
points are used in the least square fitting to obtain
the smoothed derivative. Then, the neutron spectrum can
easily be calculated by eq 4.8 after values of S and have
been read from the floppy disk.
Lastly, the counts of each energy interval of the
neutron spectrum is multiplied by the corresponding
flux-dose equivalent convertion factor. The summation of
the products gives the dose rate of the neutron field.
However, there are many factors which affect the
absolute efficiency of the system. Thus, the system was
'
calibrated by an isotope Am-Be. The background had been
subtracted before the efficiency was calculated. The
background was taken by placing a paraffin cone between
the source and the detector, so that the neutrons come
from the source were removed and only the counts induced
by the neutrons scattered from the surroundings were
recorded. The energy threshold was set to be 2MeV during
calibration. The fraction of neutron emission above 2MeV
is estimated by the spectrum from a theoretical
ralrulfll-i nn bv Vander Zwan. C49
The simplified flow chart of this program is giver
in Figure 4.7. The spectrum of isotope Am-Be with
INPUT
•number of gamma source (N)
names of source and channel of
corresponding compton edge
•spectrum file name (F$)
points used in smoothed derivative (D)
start
y= t n-1






INPUT C(0) to C(1023) oi
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Figure 4.7 to be continue
'input Shape correction factor S(E),






































1. LT is the counting time, live time is used.
2. 15.5528 is the cross sectional area of the
scinti11ator.
3. EF is a efficiecy correction factor determined by
measuring the neutron emission of an AMBE isotope with
known neutron emission. The shadow cone method is »sed
Figure 4.7 The flow-chart of the program which unfold
the neutron spectrum by differentiation
method.
neutron emission 2.5xl06 ns (obtained from the
radiochemical centre, Amershan, England) was measured
and is shown in Figure 4.8b. The spectrum of (D+T) 14MeV
neutrons from a neutron generator was also measured at
135 angle of observation and 1.5m from the generator,
and it is shown in Figure 4.9b. Figure 4.8a and 4.9a
show the spectrum of isotope Am-Be neutrons and 14MeV
neutrons from the neutron generator measured in 1979 in
the same laboratory. 7: The measurement of
Lorch is also shown in Figure 4.8a.ca:
4.4 MODIFICATION ON NEUTRON SPECTRUM UNFOLDING
Slaughter and Stront,II introduced a simple
improvement on the derivative unfolding method ir
1982. e5°' The method is a version of the code
FLYSPEC.
Now, a modified derivative unfolding method is
developed based on the work of Slaughter and Stront,II.
In deed, it is only a improved version of the method
described in section 4.3.
Let us start with eq 4.8 in section 4.3,
(4.8
The detector pulse height, x, can be expressed in
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Figure 4.8 The neutron SDectrum of the isotoDe Am-Be
Figure 4.8a is taken from ref.(47). It shows
the result taken in 1979 and the.result givei
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Figure 4.9 The neutron spectrum of the (D+T) reaction
Figure a shows the result measured in 1979
The present result is shown in figure b.
2x= gQ+ gt Lp(E)+ g2 Lp (E) (4.9)
Where g0, g} and g2 are constants related to the gain of
the detector system. L p (E) is the scintillator light
output due to a recoil proton of energy E.
In ref (49), g2= 0 was assumed.
From eq 4.9, dxdE can be expressed as:
dxdE= g,L(E)+ 2g2Lp(E)L(E) (4.10)
If the pulse height spectrum is grouped to the
recoil proton spectrum, the counts should be conserved.
Conservation of counts gives:
P(E)d(E)= y(x)dx, or
P(E)= y(x) dxdE (4.11)
Where y(x) is the counts at channel x which corresponds
to the proton energy E.
Eq 4.10 and eq 4.11 allow P(E) to be expressed in
an analytical form, and then dP(E)dE can be calculated
without grouping the raw data to recoil proton spectrum.
From eq 4.10 and eq 4.11, we get:
P(E)= y(x)( g, LfJ (E)+ 2g2 Lp(E)L£ (E)) (4.12)
Hence, dP(E)dE is expressed as:
dP(E)d(E)= P'(E)
y( x)( g, L£(E)+ 2g2 Lp (E) Lp (E))•+
y'(x)( g,L{(E)+ 2g2 Lp (E) L [j( E) )dxdE
y(x)( g, L(E)+ 2g,L'(E)2+
2g2Lp(E)LJ(E))+ y'(x)( g,L£(E)
2g, Lp (E)L'(E) )2 (4.13]
Hence, eq 4.8 becomes:
Just like the smoothed derivative method used in
chapter 3, y'(x) is also calculated by representing the
pulse height data by piece-wise polynomials. Then y'(x)
can be exDressed as:
if 2m+l points are involed in least square fitting.
If g2= 0, eq 4.14 reduce to the form:
It is equivalent to the equation derived by
Slaughter and Strout.II.
L p(E), L'(E) and L(E) at various energy can be
interpolated from the data of Verbinski.(30)
However, L p (E), LjJ (E) and (E) must be continuous in
such interpolation method, otherwise, the unfolded
neutron spectrum would be distorted. The cubic spline
interpolation can satisfly these conditions. It fits the
data by cubics such that the first derivative and second
derivative at each point within the range bounded by
given data are continuous.(see Appendix A)
Values of L p (E), L£(E) and L(E) are stored ir
floppy disc. They are read at the beginning of the
unfolding program. The values of Lp(E), L(E) and LJJ(E)
are plotted in Figure 4.10a to 4.10c. The raw data from
Verbinski are listed in Table 4.2.
The channel versus light output calibration is
required in this method. The detector is calibrated by
standard gamma-ray source. One light is defined as 1.13
times the electron energy corresponding to the half
height of the compton edge produced by the 1.275MeV
gamma-ray from Na-22. After the data of light unit and
corresponding channel are found and read by the
microcomputer, gQ, g1 and g2 can be calculated by least
square method.
The error due to poisson distribution of data can
be estimated for each data point in the neutron spectrum
as follows:
where
if 2m+l points are involved in the least square fitting.
According to eq. 4.14, we get:
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Figure 4.10a The proton energy dependence of the light
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Figure 4.10c The second derivative of LP(E) (L(E
verus proton energy
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the method described in section 4.3:
1. No grouping is required because dP(E)/d(E) is
calulated from the analytical form of P(E).
2. The approximation Ee= aEp is not required. The light
output for different proton energy is obtained by cubic
spline interpolation.
The energy spectrum and differential dose
distribution of the isotope Am-Be of neutron emission
2.5 x 106n/s at distance 0.56m are shown in Figure 4.lla
and Figure 4.llb. The scales of the figures show the
absolute intensity for 30000 second counting time.
The significance of g2 can be checked by measuring
the neutron spectrum from (D+ T) reaction and will be
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5.1 THE IDEA OF GAMMA-RAY CONTRIBUTION
SUBTRACTION
Apart from gamma-ray discrimination by electronic
devices, another approach has also been attempted. The
purpose of this alternative method is to measure the
gamma ray intensity in the neutron-gamma ray mixed field
by a NaI(Tl) scintillation detector, and then to
subtract the gamma-ray contribution from the
neutron-gamma ray mixed output of the organic
scintilllator. Although the idea is simple, it is quite
difficult to calculate the gamma-ray response in organic
scintilator from the measurement of NaI(Tl)
scintillation detector.
Some investigators have studied the ability of
organic scintillator in detecting the gamma-ray spectrum
in a neutron-gamma ray mixed field.
N.A. Lurie, L. Harns,Jr and J.C. Young have
calculated the gamma-ray response of a liquid organic
scintillator (NE213).5 They used the Monte
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Carlo method to calculate the gamma-ray response and
presented them in matrix form. The gamma spectrum can be
calculated, in the same way as the neutron spectrum
unfolding, from the raw output of •NE213 by
matrix-inversion method.
D.T. Ingersoll and B.W. Wehring have also
constructed a gamma-ray response matrix to unfold the
gamma-ray spectrum from raw data recorded by
NE213.152) They used an eletron accelerator
combined with a bremsstrahlung monochromator to'generate
more than 100 monoenergetic gamma-rays within the-energy
range, 0.6 to 11.5MeV. However, matrix elements below
2MeV were constructed from the interpolation of the
response functions from radioisopes.
Besides, P.K. Ray and E.S. Kenney have used a
proton recoil counter to measure the neutron spectrum in
a neutron-gamma ray mixed field by means of subtracting
the gamma response.c53' They measured the
response functions of five monoenegetic gamma-ray
sources (namely, Au-198°, Cs-137, Mn-54, Na-22 and
Al-28). The reponse functions were used to interpolate
20 response functions for 20 gamma-ray enegries between
0.2755 and 2.0459MeV. Each response function was grouped
into 20 channels. Hence, a 20x20 response matrix was
constructed. The non-zero elements in the matrix are of
triangular shape as .shown in Figure 5.1. It is because
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Figure..' 5.1 The shape of nonzero eletments in the
matrix formed by Ray and Kenney. (Ref 53)
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low' energy gamma-rays only produce counts in the low
channel numbers. The gamma intensity was measured
simultaneously by a NaI(TI) scintillation detector. The
events induced by neutrons alone were obtained after the
gamma response had been subtracted from the pulse height
spectrum of the proton recoil counter. The neutron
spectrum was unfolded by differentiation method.
In the present work the idea of P.K. Ray and E.S.
Kenney was mainly followed. There are many plastic
scintillators (NE102A) with different sizes (from 12cm
to lm in diameter) in our laboratory. And it arouse me
to utilize the plastic scintillatiors in neutron
detection. The gamma contribution subtraction method is
used because the plastic scintillator has no PSD
property.
The gamma response function for a given energy can
be calculated by interpolation. Since only limited
number of monoenergetic gamma-ray sources are available,
the technique of interpolation is critical. At the same
time, the response functions doesn't need to be
expressed in matrix form because-gamma-ray spectroscopy
using organic scintillator is not required.
Two schemes have been attempted to interpolate the
gamma reponse functions for various gamma-ray energy.
They are presented in section 5.2, some details of them
would.be further explained later on.
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5.2 'SCHEMES OF GAMMA-RAY RESPONSE CONSTRUCTION
The first scheme follows the following steps:
1. The gamma-ray output of several monoenergetic
gamma-ray sources is taken by organic scintillator and
then fitted by Tchebychev polynomials. Only the region
between channels corresponding to electron energies AEc
and BEc isconsidered. Where Ec is the energy of
electron corresponding to the compton edge, A and B are
constants and B is greater than A.
2. The gamma response function of each monoenerget i.c
source is reproduced by the Tchebychev polynomials and
is presented in 100 equal partition points. This
procedure would smooth the response function. The total
counts of the 100 points are normalized'such that it
would be equal to the total counts within AE and BE
recorded by the organic scintillator in one second when
the monoenergetic gamma-ray flux intensity can produce
10000 counts per second of photopeak area in the NaI(Tl)
scintillation detector. .The NaI(T1) scintillator is
placed- at the side of the organic scintillator and
detects the gamma-ray simultaneously. The details would
be explained in section 5.5.
3. The gamma response functions of energy from 0.35MeV
to 4.45MeV in 0.05MeV increment are interpolated between
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the known monoenergetic gamma-ray response functions
formed in step2. The channels are treated independently.
The counts at channel i from gamma-ray of energy E
(C(i,E)) is interpolated from the known counts produced
by the monoenergetic gamma-ray sources in the same
channel. For example, if there are S monoenergetic gamma
response functions formed in step2, then there are S
known points in the channel i. Let them be C(i,Ek) for
k=1 to s. The value of C(i,E) is then interpolated from
the values of C(i,El) to C(i,Es). Cubic spline
interpolation is used now.
4. The interpolated gamma response functions are fitted
by Tcheychev polynomials again. The coefficients of
Tchebychev polynomials are stored in floppy disc. Hence,
83 set data of the coefficients are stored.
5. When neutrons are detected in the neutron-gamma ray
mixed field, the NaI(Tl) scintillator and the organic
scintillator are placed together and are operated
simultaneously. The energies of the detected gamma-ray
are obtained from the pulse height spectrum recorded by
NaI(T1) scintillation. detector. The pulse height
spectrum is analysed by the method described in chapter
3. Then the coefficiencts of Tchebychev polynomials
corresponding to the gamma-ray energies are read from
floppy disc. The gamma-ray response in organic
.scintillator is then simulated by the Tchebychev
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polynomials. Its total counts is nomalized to match the
photopeak area in NaI(Tl) scintillation detector and the
counting time of organic scintillation detector. The
gamma-ray response for different gamma-ray energy is
calculated independently and their summation gives the
total gamma-ray response.
6. The resulting gamma-ray response is subtracted from
the raw output of organic scintillation detector. The
residue is considered to be the neutron induced counts
and is unfolded by differetiation method.
This scheme.is carried out by computer programs and
is labelled as GSTI( Gamma contribution Subtraction
using Tychebychev polynomials and Interpolation method)
in the following text.
In fact, the coefficients of the Tchebychev
polynomials. is like a response matrix of which the
elements in each row are parametized.
The second scheme is a simplified version of GS.TI
method. It includes the following steps:
1. The gamma-ray pulse height spectra of monoenegetic
gamma-ray sources are recorded by the organic
scintillation detector and are grouped into 100 channels
between AEc and BEc without any fitting and smoothing.
2. Apply cubic spline. interpolation between the
gamma-ray responce functions grouped in step 1. Each
channel consists of S known points if S monoenergetic
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gamma-ray sources are used and the channels are treated
independently like the treatment in the GSTI method.
Each known point at the same channel is characterized by
two quantities, namely, the gamma energy (E) and the
counts (C(i,E)). These two quantities are treated as the
independent variable (x) and dependent variable (f(x))
in the cubic spline interpolation. As explained in
appendix A, after the slopes at the known points have
been solved, the counts at gamma-ray energy (E) can be
calculated from the values of slopes, counts and
energies at the known points of the same channel.
However, E must be within the energy bounded by the
energies of the monoenergetic sources. Instead of
storing the coefficients of Tchebychev polynomials, the.
values of slopes, counts and energies at the known
points are stored in the floppy disc.
3. After neutron-gamma ray mixed output is recorded by
the- organic scintillation detector, the interpolated
gamma contribution is subtracted from this output. The
resulting pulse height is then unfolded by
differe-ntiation method. The intensity of the gamma-ray
..flux and the counting time of organic scintillator must
be considered as descibed in the GSTI method.
This scheme is labelled as GSI( Gamma contribution
Subtraction using Interpolation method) in the
following text.
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Figure 5.2 illustrates the interpolation scheme of
GSI.
Some details of the interpolation method and
gamma-ray contribution subtraction method are explained
in section 5.3, 5.4 and 5.5. It includes: 1) the reason
of limiting the energy range of each gamma-ray response
function- within AEc and BEc, 2) the reason of using
Tchebychev polynomials to fit the gamma-ray response and
3) the procedure of normalizing the interpolated
gamma-ray response in order to match the actual
gamma-ray intensity.
5.3 SCALINGOF COMPTON DISTRIBUTION
Gamma-rays of energy E can produce electrons by
compton scattering from the atoms in organic
scintillators. The electrons so produced have energy up
to Ecwhich is expressed as:
A continuous distribution in the output of the
scintillation detector is formed below Ec and is called
compton distribution. If the gain of the amplifier
system is fixed, different shapes of compton
distributions would be observed in the M.C.A. when
gamma-rays of different energies are detected. Hence,
direct interpolation between the raw pulse height
Figure. 5.2 The interpolation scheme of GSI
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spectra (the compton distributions) of the monoenergetic
sources record by organic scintillator would distort the
shape of the interpolated compton distribution. The
resulting interpolated distribution would deviate from
the actual one seviously.
A. Dupont, G. Giordano, P. Mandrou• and M. Niel
suggested that the compton distribution should be
dilated proportional to energy.404' They used
50 points to represent the distributions, the-energies
of the points are:
(5.1)
Where A is the lower experimental energy cut-off. E. is
the energy of the Sth monoenergetic source. Hence, they
form a matrix with 50 columns.
However, this method has two disadvantages.
1. The location and the shape of the compton edge should
be expressed in terms of compton electron energy Ec
rather than the gamma-ray energy. The interpolation is
more reliable when the shape of the gamma-ray responses
used in interpolation vary slowly for different
gamma-ray energy. Hence,, it is desirable to locate the
drop off of the compton edges at the same region when
they are grouped into certain number of channels. Since
gamma-ray energy is not linear with the position of
compton edge, eq 5.1 cannot locate the compton edges of
different gamma-ray energies in the same region.
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2. If a constant cut-off energy is set, different
portions of the compton distribution for different
gamma-ray energies would' be selected. This effect is
illustrated in Figure 5.3. The portions so selected have
different shapes and make the results of interpolation
unreliable.
Thus, the region AEc to BE,_ is selected in the
present work. The pulse height spectrum within this
energy range is grouped into 100 channels. The pulse
height spectrum of each monoenergetic gamma-source is
grouped in this way. The energy of the nth channel is
expressed as:
(5.2)
The boundaries of this channel are
and
Hence, the width of-each channel is (BEc- AEc) /100, as
expected.
The gamma ray. responses' of some monoenergetic
sources were measured by NE213 and have been grouped
into 100 channels. The results are shown in Figure 5.4.
The performance of this method is satisfactory.
5.4 THE FITTING OF COMPTON DISTRIBUTION


















Figure. 5.3 The compton distributions after grouping.
The constant cutoff energies are used.
Curves a, b, c, d are produced by
Cs-137, Mn-547 Co-60 and isotope Am-Be,
respectively.
c= lm«i nrae 1
Figure. 5.4 The compton distributions after grouping.
The cutoff energies are proportional to
gamma -ray energies.
Curves a, b, c, d and e are produced by
Ba-133, Co-60, Mn-54, Cs-137 and isotope
Am-Be, respectively.
87
fit. the gamma-ray induced pulse height spectrum, they
are usually complex, nonlinear and have few physical
sense. Moreover, it is a time consuming work to fit the
data by a nonlinear function using a microcomputer.
Thus, the compton distributions are fitted- by
polynomials in the present work. Two methods have been
attempted. The first one is to fit the data by a n-order
polynomial using least square method. The other one is
to fit the data by Tchebychev polynomials. C5411
A computer program has been written for n-order
polynomial least square fitting. From 2-order up to
25-order polynomials have been tried. Figure 5.5 shows
some results of the fitting. Instability in high orders
can be observed in Figure. 5.5. The unpredictabe
oscillations may be caused. by the singularity property
of the matrix used in the calculating process.
Tchebychev polynomial, which is discussed in most
text book about numberical method, is a optimized least
square polynomial fitting and is commonly used. The
undesirable oscillations can be avoided in the
Tchebychev polynomial fitting. A computer program has
been written to perform the fitting. The compton
distribution of Cs-137 is fitted and the result is shown
in Figure 5.6. The polynomials can fit the experimental
data very well when 20 terms and 25 terms are used.
Figure. 5.5 The compton distributions are fitted
by n-order polynomials. The values of n
are given in each graph. The letter 'f'
specifies the fitting curves.
Figure. 5.6 The compton distributions are fitted by
Tchebychev polynomials. The letter %n'
specifies the number of terms. %f'
and d' specify the fitting values and
the raw data. The raw data and fitting
values are nearly overlap when n=15
and 20.
5.5 NORMALIZATION OF COUNTS
The number of photons (gamma-ray) entering the
scintillator is A ,Q0To f or organic scintillator, and AT-,
for Nal(Tl) scintillator, where A is the activity of the
source. Q0 and£, are the solid angles for the organic
scintillator and Nal(Tl) scintillator, respectively. TQ
and Tj are the counting times.
Since the monoenergetic gamma-ray sources are
placed near the detectors for obtaining high counting
rate, the solid angle for the detectors should be
calculated by the formula:
where r is the radius of the detector and d is the
source-detector distance.
If the cross sectional area of the organic
scintillator and Nal(Tl) scintillator are A0 and Aj,
repectively, the number of photons entering the
scintillators per unit area are AG0T0A0for organic
scintillator and ATjAjfor Nal(Tl) scintillator.
After the pulse height spectra of the monoenergetic
gamma-ray have .been taken by the scintillation
detectors, the photopeak area (in counts) from Nal(Tl)




New photopeak area= photopeak area
(5.3)
Eq 5.3- normalized the counts of NaI(T1)
scintillator such that the photon flux entering the
organic scintillator and that entering the NaI(Tl)
scintillator are equal.
Besides, the counts recorded, by organic
scintillator are also multiplied by the factor
10000
T0(second) x photopeak area after correction
This factor normalizes the counts rate recorded by the
organic scintillator to the intensity of gamma-ray which
produces 10000 counts photopeak area in the NaI(Tl)
scintillation detector. In fact, this factor
standardizes the intensity of monoenergetic gamma-rays
which are used to interpolate the gamma-ray response at
other energies.
The gamma-ray responses in the organic
scintillation detector after normalization by above
procedure are used in GSTI and GSI method described in
section 5.2.
In the use of plastic scintillator for neutron.
monitoring in the neutron-gamma ray mixed field, the
photopeak area recorded by the simultaneously operated
NaI(Tl). scintillation detector is corrected by eq. 5.3.
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The gamma-ray response in organic scintillator is
interpolated according to the energies of gamma-ray. The
gamma-ray response is simulated by Tchebychev
polynomials if GSTI method is used. The resulting
gamma-ray response is then multiplied by the factor
T0(second) x photopeak area after correction
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
10000
Hence, the interpolated gamma-ray response in
organic scintillator can match the actual intensity of
the gamma-ray and the counting time.
The advantage of such normalizing method is
obvious. If the source is-placed far from the detectors,
the solid angles can be approximated by:
Counting area of scintillator/source-detector distance2
and eq.5.3 can be simplified as:
New photopeak area= photopeak area x To/T
No geometical factors-are involved.
The values of Qo Ai/ Q, Ao is an indicator to evaluate
whether the distance between the source and the
detectors is 'far' or not.
If the radius of the organic scintillator and the
NaI(Tl) scintillator are 6cm and 3.8 cm respectively,
the values of (2 A /.Q1 A. for various source-detector
distances have been calculated and are plotted in Figure
5.7. Since. the source-detectors distance is usually
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the factor QoA/ QAo can be approximated by 1. It means
that precise knowledge of the actual positions of the
sources is not required during monitoring.
5.6 4.43 MEV GAMMA-RAY RESPONSE FOR PLASTIC
SCINTILLATOR
Tnere is no nign energy t)4 Mev) monoenergetic pure
gamma-ray source in our laboratory. The 4.43MeV
gamma-ray emitted from the isotope Am-Be is detected by
the liquid scintillator using PSD technique, and then
the gamma-ray response so recorded is converted to the
gamma-ray response in the plastic scintillator. The
gamma-ray responses in the organic scintillators are
alike, but the energy resolving power would be
different. It is because the scintillators are different
in size. It has been found that the resolution power of
the plastic scintillation detector is worse than that of
the -liquid scintillation detector. Hence, the gamma-ray
responses of the two scintillation detectors can be
related in the form:
(5.4)
Where Cp (i). is the counts in the plastic scintillation
detector at channel i. C1(x) is the counts in the liquid
scintillation detector at channel x. The gamma-ray
responses have been grouped into 100 channels.
The effect of eq. 5.4 is to fold the gamma-ray
response in liquid scintillation detector by gaussians.
The FWHM of the gaussians need not be the same. We
assume that the FWHM of the gaussians relates the
channel number of the M.C.A. linearly.
c can be expressed as:Since c
Where a and b are determined by minimizing the following
quantity:
Where CJ»(i) and C,| (x) are the counts of neutron-gamma
ray mixed outputs in the plastic and the liquid
scintillation detectors. In the present case, a and b
are found to be -0.005243 and 2.2540, respectively.
Since the scintillations produced by proton in
plastic scintillator and liquid scintillator are not the
same, this method will slightly distort the 4.43MeV
gamma-ray response in the plastic scintillator. The
gamma-ray response construted in this way is used for
interpolation.
5.7 THE PROGRAM OF GSI METHOD FOR PLASTIC
SCINTILLATOR
Computer programs for GSTI and GSI methods have
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been completed. These programs are tested for the NE213
liquid scintillator by measuring the neutron energy
spectrum of an isotope Am-Be. The results are shown in
Figure 5.8a and 5.8b. Although GSTI method can generate
smoother gamma-ray response,. the results of GSTI and GSI
methods are nearly the same. Only GSI method is used on
the plastic scintillator because the running time of
GSTI method is longer than the running time of GSI
method.
As mentioned previously, the 100 channel gamma-ray
response function is calculated by the values of slopes,
counts and energies at- the known points. However, the
resulting gamma-ray response function is not the actual
compton distribution recorded by the M.C.A with 1024
channels. The actual compton distribution in the M.C.A
output is obtained as following:
1. The total counts of the 100 channel gamma-ray
response is corrected by multiplying the factor 'Tox
photopeak area in NaI(Tl) scintillator/10000'. Let the
total counts after correction be TC.
2. The electron energy-channel relation is calibrated by
gamma-ray sources as described in chapter 4.
3. The channel numbers corresponding to AEc and BEcare
calculated and labelled as CA and CB, respectivly

















neutron e n e ar cx v( Me V)
Figure. 5.8 The neutron spectrum of isotope Am-Be.
Figure a is the result given.by GSTI and
figure b is the result given by GSI.
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4. The energies correponding to each channel between CA
and CB are calculated. The interpolated gamma-ray
response is presented in 100 energy intervals. The
CB-CA+1 energies corresponding to the CB-CA+1 channels
between CA and CB can be easily located in the 100
energy intervals. Hence, counts at the CB-CA+1 energies
can calculated from the gamma-ray response by
Laplace-Everett interpolation method according to their
locations- in the 100 energy intervals. The
Laplace-Everett interpolation method is commonly used
and can be also found in many text books about numerical
method. The resulting- CB-CA+l channels gamma-ray
response represent the shape of compton dis tribution in
the M.C.A..
5. Finally, the total counts of the CB-CA+1 channels
gamma-ray response is normalized to TC. The region
within channels 0 and 1023 of the gamma-ray response
after normalization is considered to be the actual
compton distribution in the M.C.A..
The monoenergetic sources used for interpolation
are listed in Table- 5.1. The compton distributions of
these sources in the plastic scintillator after grouped
into 100 channels are shown in Figure 5.9. They are
normalized to the same height at left margin.
After the compton distribution has been subtracted
from the raw output of the plastic scintllation
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TABLE 5.1 THE GAMMA-RAY SOURCES USED IN GSI















Figure. 5.9 The compton distribution of monoenegetic
gamma-ray sources used in GSI. curves a,
b, c, d and e are produced by Ba-133,




detector, the neutron spectrum is unfolded by
differentiation method. The computer program developed
in chapter 4 is used.
There are four differences between the liquid
scintillator and plastic scintillator, all of them have
been corrected in the computer program. The four
specialities- of the plastic scintillator are pointed out
below.
1. The diameter and thickness of the plastic
scintillator are 12.2cm and 4cm, respectively.
2. The scintillation response produced by proton in the
plastic scintillator NE102A is:,,55,
Where EP is the recoil proton energy, Ee is the
equivalent electron energy in MeV which produces the
equal light output as proton of energy Ep. En is the
energy of neutrons which produce recoil protons.
The scintillation response of NE102A is shown in
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ENERGY (MeV)
Figure. 5.10 The scintillation response of NE102A talcpn
from ref.(55).
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figure is given by the above formulae.
3. The range of proton (R) is required in eq. 4.7. The
value of R in NE102A is given by the formula:
R= 2.25x10 -3 x(EP )1.76 (58)
where R is the range of proton in cm and E is the
energy of proton in MeV.
4. The numbers of hydrogen nucleus and carbon nucleus per
cm3 are. 5.25x1022 and 4.75x1022 in NE102A.
Figure 5.11. shows the block diagram of the set up.
The simplified flow chart of GSI method for plastic
scintillator is shown in Figure 5.12. Figure 5.12a
illustrates the process of: generat the values- of slopes,
counts and energies at the known points in the cubic
spline interpolation. Figure 5.12b illustrates the
process of constructing the compton distribution in
NE102A.
The performance of this method would be evaluated
in chapter 7
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Figure. 5.12a The process of generating the values of
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Figure. 5.12b The process of constructing compton
distribution in NE102A in GSI.
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CHAP TER 6
ARRANGEMENT S FOR NEUTRON
MONIPORING IN A NEUTRON
GENERATOR ROOM
6.1 CONSTRUCTION OF THE NEUTRON GENERATOR ROOM
The neutron generator( Kaman, Type-711A) is
placed inside a shielding house of size 9.3m x 3m x 2m.
The shielding house is sited 'inside the neutron
generator room of area 14.3m x 8.7m at the lower ground
floor of the science centre. The neutron generator room
consists of a source room and a control room. These two
rooms are separated by a. concrete wall. The sample.to be
irradiated can be sent to the neutron target site of the
neutron generator from the control room by a sample
transfer system. The main shielding material in the
source room is concrete. Other conventional shielding
materials such as paraffin, iron and lead are also used.
In addition to the neutron generator, an isotope
Am-Be is also placed in the source room. The isotope is
stored in a cyclindrical container which is filled of
paraffin.
The construction of the neutron generator room in
views, of plan, longitudinal and transverse section are
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shown in Figure 6.1 to 6.3. The graphs are obtained from
ref.(59).
The isotope Am-Be is stored at location A and is
sited 1.05m above ground at the location B marked in
Figure 6.1 when it is in use.
6.2 THE BF3 FLUX MONITOR
A BF3 counter of dimension 2.5cm diameter x 12cm
active length( 20th Century Electronic Limited, Type
12EB20), which is surrounded by 6cm paraffin, is used
as a total neutron flux counter. The counter is a type
of moderator detector. Its structure is shown in Figure
6.4. The relative count-rate of a paraffin covered BF3
counter depends on the thickness of the paraffin and the
energy of neutrons detected. Figure 6.5 shows the energy
dependence of the relative count-rate of a paraffin
covered BF3 counter for different paraffin
(60)thickness.
As estimated in Figure 6.5, the neutron energy
dependence of the count-rate would-be considerably flat
when the BF3. counter is covered, by 6cm paraffin. Hence,
it is suitable to be used as a flux counter.
The absolute efficiency of this flux counter is
calibrated by the isotope Am-Be. The neutrons scattered
from, the surroundings are minimized by placing the
PLAN
Figure 6.1 The neutron generator room
(plan view)
(This figure is taken from ref. (59))
Figure 6.2 The neutron generator room
(longitudinal section)
(This figure is taken from ref. (59))
CLASSROOM G25
CORRIDOR
Figure 6.3 The neutron generator room
(transverse section)





























Figure 6.5 The neutron energy dependence of the
count-rate for different paraffin
thickness.( Taken from ref. (60))
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source and detector far away from the walls and floor
6.3 MONITORING FOR Am-Be SOURCE
When the isotope Am-Be is placed at location B, the
total flux of neutrons is measured by the flux counter
at locations a to e as marked in Figure 6.1. The
distances of locations a to e from the location B are
0.3, 0.5, 0.7, 1.5 and 4.0 meters, respectively. The
fast neutron flux and dose are also measured by a liquid
scintillation detector (NE213) at locations a to d.
The present purpose is to obtain a guide on the
safe distance between the isotope and the experimenter.
Since location B and locations a to d. are near the
walls, the scattered neutrons which come from the walls
would also contribute to the neutron flux and dose at
these locations. Thus, the neutron flux and dose would
be- underestimated by the 1/r2 law and should ..be
determined experimentally.-
6.4 MONITORING FOR NEUTRON GENERATOR
The total neutron flux is measured at locations.1
to 7, as is marked in Figures 6.1 and 6.2, by the flux
counter when the neutron generator is in operation.
Besides, the fast neutron flux and dose at
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locations 1 to 5 are also measured by the plastic
scintillation detector developed in chapter 5.
The first aim of these measurements is to. roughly
estimate the flux and dose distribution in the source
room during the neutron generator is in operation. The
second aim is to study the possibility of monitoring the
fast neutron flux and dose in the source room by the
plastic scintillator.
The results of above work are presented and




7.1 PERFORMANCE OF LIQUID SCINTILLATION DETECTOR
Two computer programs, named NEUD (NEutron Spectrum
Unfolding by Differentiation) and ..NEUMD (NEutron
Spectrum Unfolding by Modified Differentiation), have
been written to unfold the neutron spectrum. The first
one uses the equation Ee= aEP to approximate the light
output produced by proton'of energy Er,. and unfolds and
spectrum by eq. 4.8. The second one uses a modified
differentiation method and unfolds the spectrum
following the process described in section 4.4.
Figure 7.1a and 7.1b show the neutron spectra of
isotope Am-Be unfolded by NEUD and NEUMD, respectively.
The- raw data were taken by a liquid scintillation
detector (NE213). The unfolded spectra are compared
with the measurement from Lorcht46-1 as shown in
the figures. The measurement from Kluge, Weise and Zill
is also shown in Figure 7.2 for reference.e1
The result given by NEUMD is better than the result
given by NEUD. Since the proton energy dependence of
light output is obtained by cubic spline interpolation
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Piaure 7.J The neutron spectrum of isotope Am-Be
Figure a and b are given by NEUD and NEUME
respectively. The measurement of Lorch
(ref. (48)) is also shown.
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Fiaure 7.2 The neutron spectrum of isotope Am-Be
taken from re£.(61).
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Thus, the better performance of NEUMD is expected.
In NEUMD, the detector pulse height (x) is
expressed in terms of light output (LP) by eq 4.9.
•(4.9)
g was not considered in ref.(49).
The significance of g2 was checked by measuring the
spectrum of (D+T) neutrons generated from a neutron
generator. The angle of observation.. was 135. The
arrangment is shown in Figure 7.3. The peak position of
neutron spectrum should be about 13.7MeV according to
the calculation from Chuang et al.c47)
Three gamma sources, namely, Na-22(1.275MeV),
Th-228(2.615MeV) and Am-Be(4.43MeV), are used in pulse
height verus light output calibration. The electron
energies corresponding to the compton edge are converted
to light output, and then the values of go, g1 and g2
can be calculated by eq.4.9. When g2 is assumed to be
zero, go and g1 are obtained by fitting the data to the
equation x= go+ gi Lp (E) by least square method.
The result for g2= 0 is shown in Figure 7.4a. The
neutron spectrum is greatly distorted and the peak
position shifts to the high energy region. When g is not
set to zero, the result is improved a lot and is shown
in figure 7.4b. The peak position is 13.45MeV.








Figure 7.3 The arrangment for measuring the neutron
spectrum of the neutron generator.
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Figure 7.4a The (D+T) neutron spectrum unfolded by
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Figure 7.4b The (D+T) neutron spectrum unfolded by
NEUMD when g is also considered.
As seen in the Figures 4.10a to 4.10c, the value of
Lp is larger than the values of L and L£', especially in
the high proton energy region. It means that the value
of g2 Lp is not necessary negligible even though g2 is
small in general.
In order to examine the effect of g2in eg. 4.14,
the values of 2g2LPg1 have been calculated. g2 should
be considered if this value is large (for example, 0.5).
In our case, g1 is 65.02 and g2 is 3.261. Some
values of 2g2Lpg, are listed in Table 7.1. Obviously, g2
must be considered when neutron energy is greater than
8MeV.
On the other hand, the channel verus proton energy
calibration would also be affected when g2is set to zero
at high energy range, thus, the peak position of the
neutron spectrum would be distorted.
If the channels corresponding to the neutron energy
range are covered by the energy range of the calibration
gamma-ray sources, the distortion caused by setting g2=
0 would be smaller. However, there is no calibration
gamma-ray source can fullfill this requirment when the
spectrum of (D+T) neutrons is measured. It is because
the proton of energy 14MeV can produce light output
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TABLE 7.1 THE VALUE OF 2g2Lp(E)/g, FOR DIFFERENT
PROTON ENERGIES










equivalent to that produced by 7MeV electrons
approximatly.
The relation between the light output and the
electron energy is linear in theory. When g.2 is not
equal to zero, it means that the pulse height does not
linearly relate to the light output of the scintillator.
This nonlinearity may be caused by the space charge
which affects the trajectories of the electrons near the
last dynode of the photomultiplier tube. The space.
charge would be produced when large pulse is recorded.
However, the actual reason have not been known.
Further studies on the anode voltage dependence of the
nonlinear effect may be helpful.
7.2 THE PERFORMANCE OF PLASTIC SCINTILLATION
DETECTOR
The gamma contribution subtraction method GSI is
used for plastic scintillator. In order to evaluate the
reliability of this method, two measurements have been.
taken.
The first one was to compare the compton
distribution interpolated by GSI with the experimental
result.
Gamma source Na-22 was' detected by the plastic
scintillation detector and the pulse height spectrum
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recorded by a M.C.A. is shown in Figure 7.5. The
interpolated result is also shown in the same figure.
The interpolated spectrum shows a good agreement with
the experimental one.
The second one was to measure the neutron spectrum
of the isotope Am-Be which was surrounded by paraffin as
shown in Figure 7.6. The neutrons emitted from the
isotope would be slowed down by the hydrogen nuclei in
paraffin. The slow neutrons can be absorbed through the
reaction' H (n, Y) 2 D and 2.2MeV gamma-ray can be produced.
Figure 7.7 shows the gamma-ray spectrum taken by a 3'x3'
NaI(Tl) scintillation detector. The ability to subtract
the 4.43MeV and 2.2MeV gamma-rays contribution in the
output of the plastic scintillation detector indicates
the performance of GSI. The result of the unfolded
neutron spectrum of isotope Am-Be is shown in Figure
7.9. Although the result is- not quite good, it can give
an approximation of the neutron spectrum. The
dose rate measured in this case is 1.76 mrem/hour. This
value is in agreement with the results given by liquid
scintillation detector,
However, the neutron spectrum unfolded by GSI is
only an approximation. Since the compton distributions
from monoenergetic gamma-rays would be slightly smoothed
when they are grouped into 100 channels, so the















Figure 7.5 The compton distribution of Na-22
recorded by plastic scintillator. The





Figure 7.6 The isotope Am-Be surrounded by paraffin.
This setting is used to produce 2.2 MeV
gamma-ray
channel
Figure 7.7 The gamma-ray spectrum emmited from the
paraffin surrounded Am-Be source. It is
detected by a NaI(T1) scintillation
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Figure 7.8 The interpolated compton distribution
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Figure 7.9 The neutron spectrum of isotope Am-Be
given by GSI.
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than the actual one. Thus, there are pertubations on the
unfolded neutron spectrum at the positions corresponding
to the compton edges of the gamma-rays.
'7.3 FLUX AND DOSE FROM Am-Be
When the*isotope.Am-Be was placed at location B as
marked in Figure 6.1, the total flux and dose of
neutrons were measured by the flux counter at locations
a to e. The liquid scnitillation detector was also used
to measure the fast neutron flux and dose at these
locations except e. The energy threshold of the
scintillation detector was 1.45MeV.
Figure 7.10 shows the neutron flux measured by the
flux counter and liquid scintillation detector at
different source-detector distance (locations). Curve a
is the result given by flux counter, and curve b is
given by the scintillation detector. The numerical
values is given in Table 7.2.
The flux counter can be used as a dose meter if the
mean flux-dose equivalent convertion factor of the
neutron field is known. This factor for isotope Am-Be is
about 4x108 rem cm2 The total dose-rate is
obtained by multiplying the total flux by the flux-dose
equivalent convertion factor. The total dose-rate
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Figure 7.10 Neutron flux due to an isotope Am-Be
at different distances (locatios).
Curve a is given by the NE213 liquid
scintillation detector. Curve b is given
by the paraffin covered BF3 counter.



















































in Figure 7.11. At the same time, the fast neutron dose
measured by the liquid scintillation detector is also
shown in Figure 7.12 in same scale.
In order to compare the measured neutron flux to
the 1/distance2 law, the graph flux verus 1/distance2 is
plotted in Figure 7.13. The flux is detected by the flux
counter in this case. The straight line is given by
(total neutron output)/distance2. The difference between
the experimental results and the straight line may be
caused by the neutrons scattered from the walls. This
confirms that.the experimental measurement is necessary.
The numerical values of neutron dose at locations a
to e are given in Table 7.3. As mentioned in chapter 1,
the maximum permissible dose for radiation workers are 5
rem/year. Hence, the occupational maximum permissible
dose rate is 2.5 mrem/hour. When the isotope Am-Be is
placed at location B, the dose rate at locations a to d
would excess the maximum permissible value. Although the
1/distance2 law gives 1.27mrem/hour at location d, the
experimental result is much higher. However, if the
exposed time is below 10 hours per week, the dose-rate
at locations c to a are still permissible.
7.4 THE NEUTRON FLUX AND FAST NEUTRON DOSE IN SOURCE
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Figure 7.11 The neutron dose-rate due to' an isotope
Am-Be at various distance measured by
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Figure 7.12 The neutron dose-rate due to an isotope
Am-Be at various distance measured by




























Figure 7.13 The dose-rate measurement of the paraffin covered BF3 counter
as a function of (1source-detector distance)2. The neutron
source is an isotope Am-Be. The straight line shows the
result given by 1distance2 law.
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In the present work, the total neutron output of
the neutron generator is 1.5x10 10 neutron/s which is
estimated by Texas Convention method.
The total neutron flux in the source room is
measured by-the flux counter. The fast neutron dose-rate
and flux are measured by the plastic scintillation
detector with 2.15 MeV energy threshold. The results at
locations 1 to 7 are shown in Table 7.4.-
The fast neutron flux at locations 2•and 6 have
been measured by Chuang et al. in 1975.C47 The
total neutron output of the neutron generator was 10
neutrons/s in their case. Direct comparison between
their results and the present results is unreasonable
because the energy range of responses of the detectors
is different. However, the measurements at location 2
indicate that the agreement between the perious work and
the present one is not good. The present result of the
neutron flux is 353.76 n/s with energy threshold 1.45MeV
while the result given in ref.(47) is 880n/s in the fast
neutron region. If the total neutron output of the
neutron generator is normalized to 1011 n/s, the present
result and the previous result are 2358 n/s and 880 n/s,
repectively. Since the energy threshold is lower in
second case, the difference cannot be explained by the
different' energy of these two measuremnts. However, the
actual reason has not been investigated.
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TABLE 7.4 NEUTRON FLUX AND DOSE AT LOCATIONS 1 TO
7 WHEN NEUTRON GENERATOR IS IN OPERATION













The program NEUMD described in chapter 4 was
applied to NE213 liquid scintillator. The preformance of
this system has been checked by an isotope Am-Be and the
(D+T) 14MeV neutrons, the results are satisfactory. The
neutron spectra in both cases can be-correctly unfolded.
The nonlinearity between the light output of the
scintillator and the pulse height output of the
photomultiplier tube should be considered at high
neutron energy range, e.g., 8MeV.
A computer program called GSI was used to subtract
the gamma-ray contribution from the neutron-gamme-ray
mixed output of the plastic scintillation detector.
After the gamma-ray contribution has been subtracted,-
the neutron spectrum can be unfolded from the resulting
pulse height spectrum by differentiation method. This
system can give an approximation of the fast neutron
spectrum and dose rate. The result shows that it.is
possible to eliminate the gamma-ray contribution by
constructing the gamma-ray response using interpolation
method.
Besides, a BF3counter covered with paraffin of 6cm
thickness was also used as a flux counter.
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When the isotope Am-Be with 2.5x106 n/s neutron
output was placed at location B shown in Figure 6.1, the
neutron flux at locations a to d was larger than the
values given- by 1/distance? law. The difference might be
caused by the neutrons scattered from the surroundings.
The dose-rates at locations a to d (within 1.5m from the
isotope) were beyond the maximum permissible level if
the exposure time was-40 hours/week.
In fact, the exposure time for the experimenters is
much shorter than .40 hours/week in our laboratory.
Hence, the dose-rate is at the safe level even the
distance is 0.5m from the Am-Be source only.
When the neutron generator' was in operation, the
dose distribution in the source room was very
heterogeneous. Moreover, high dose-rate was recorded at
locations 2 and 3. It is dangerous to stay inside the
source room during the neutron generator is in











Conditions 3 and 4 mean that the first derivative
and second derivative of F(x) are continuous for xe
[a,b].
Such. conditions can be satisfied by fitting cubics
between.. each two successive points. If so, there are
four parameters for each cubic, hence, there are 4n
parameters to be determined.
Condition 1 and Condition 2 give n+1 equations and
n-1 equations, repectively. Conditions 3 and 4 also give
2(n-1) equations. It means that only 4n-2 equations are





Integrate eq A. 2 twice and use F(X:)= f: and
we can obtain:
There are still n+1 unknowns
in eo. A.3.
Sincp 1 hence
Eq. A.4 contains n-1 equations only, it is not
enought to solve the n+1 unknowns M,
If two boundary conditions are imposed to H0 and Mn
. ea A.4 can be rewritten in a ma+ri fnrm?
Wher
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If the boundary conditions are MO= Ml and Mn= Mn_1
eq. A.5 can be simplified-as:
(A.6)
The first derivative and second derivative of F(x)





Relevant information can be found in ref.(62) and
ref.(63).
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